The traditional clinical trials infrastructure may not be ideally suited to evaluate the numerous therapeutic hypotheses that result from the increasing number of available targeted agents combined with the various methodologies to molecularly subclassify patients with glioblastoma. Additionally, results from smaller screening studies are rarely translated to successful larger confirmatory studies, potentially related to a lack of efficient control arms or the use of unvalidated surrogate endpoints. Streamlining clinical trials and providing a flexible infrastructure for biomarker development is clearly needed for patients with glioblastoma. The experience developing and implementing the I-SPY studies in breast cancer may serve as a guide to developing such trials in neuro-oncology.
C linical trials for patients with glioblastoma are at a crossroad. The Cancer Genome Atlas 1 and others 2 have generated detailed molecular data that, in turn, have increased excitement to identify new therapeutic targets and personalize therapy. The growing number of compounds available for targeting specific pathways combined with increasingly sophisticated strategies to molecularly subclassify high-grade gliomas has created a multitude of testable therapeutic hypotheses. Furthermore, ambiguity regarding the relevance of clinical trial endpoints and inaccuracy of preclinical models for predicting trial success in humans place additional roadblocks to development of novel therapeutics for patients with glioblastoma. The current clinical trials infrastructure is poorly suited to prioritize the myriad testable hypotheses that each of these problems suggests. Additionally, ,10% of patients with gliomas in the US are enrolled in clinical trials. For a disease that has no cure, this is an unacceptable number, both for individual patients and for the overall research enterprise. Patients outside of clinical trials are consigned to a standard of care associated with poor results and represent a lost opportunity to improve clinical outcome.
In parallel, with improved understanding of biology, the current early-phase clinical trials infrastructure has been criticized for not effectively screening therapies for larger confirmatory studies. The lack of effective control arms has overestimated the extent of success in earlyphase trials. 3, 4 The need for more effective drug screening trials in addition to the increasing number of testable hypotheses has led many to search for alternative clinical trial designs. In 2006, the FDA's Critical Path Initiative stated that the 2 most important areas for improving medical product development were biomarker development and streamlining of clinical trials. 5, 6 Multi-arm Bayesian-based adaptive clinical trials offer the possibility of both. There have been arguments against such trials, as well as barriers to their real-world implementation. 7 The focus of this review is to describe challenges to designing and implementing novel clinical trial designs for malignant glioma patients. We highlight the trial experience of the Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging And moLecular analysis 2 (I-SPY TRIAL 2) 3,8 as a potential roadmap to overcome some of these challenges.
Adaptive Trials
To hasten progress in treating cancer patients, clinical trials must address multiple questions related to subject stratification, subject allocation to experimental arms, stopping rules, and others. Adaptive designs are well suited for addressing multiple questions in a single trial framework. 3, 7 The FDA defines an adaptive trial as one that incorporates prospectively planned opportunities for modification of one or more specified aspects of the study design and integrates hypotheses based on analysis of accumulating data while the study is ongoing. 9 Adaptive designs have the potential to make oncology drug development more efficient and address many questions (including biomarker and surrogate endpoints) at once, thereby potentially reducing trial subjects' exposure to ineffective treatments and allowing for more flexible, less costly incorporation of other promising therapies. 3, 10 A simple example of an adaptive trial is represented by an interim analysis with a stopping rule based on frequentist criteria, while a more complex adaptive trial may include a multi-arm adaptively randomized design based on Bayesian predictive probabilities that incorporates biomarker data and attempts to match patients with therapies. 8, 11 The I-SPY 2 study in breast cancer and the Biomarker Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE) study for non -small-cell lung cancer are 2 examples of the latter. 8, 11, 12 Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging And moLecular Analysis 2 (I-SPY TRIAL 2) Background I-SPY 2 was formed as a collaborative effort between the National Cancer Institute, academic investigators, the FDA, and industry, with the goal of improving the efficiency of identifying novel efficacious treatment regimens for molecularly defined subsets of patients with breast cancer. 8 The sponsor of the trial is the Foundation for the National Institutes of Health. The overall trial design includes a multi-institutional, multi-arm, adaptively randomized framework with therapeutic arms introduced as older arms graduate or are dropped due to their high or low, respectively, Bayesian predictive probability of being more efficacious than standard therapy. The study tests novel therapeutic arms against a standard therapy control arm. As more mature treatment/signature combinations drop for futility or graduate to a subsequent confirmatory phase, newer arms are designated to take their place, thereby generating increased efficiency in terms of streamlining. As of November 1, 2012, the trial had enrolled 290 patients and addressed the efficacy of experimental agents from 5 different pharmaceutical companies.
Implementation of Adaptive Trials in
Neuro-oncology
The numerous therapeutic hypotheses currently being generated in neuro-oncology are in critical need of a streamlined and efficient clinical trial framework. Before such a framework can be constructed, however, a number of considerations must be addressed, from the scientific to the logistic. Scientifically, care must be taken to specifically define trial goals so that the correct approach is applied. Overall trial framework considerations include patient selection, allocation, endpoints, stopping rules, and decision rules regarding biomarkers. Logistically speaking, organizing a successful collaborative team, creating a system for providing real-time biomarker and endpoint data, developing a robust bioinformatics infrastructure, and gaining buy-in from regulators and industry must also be accomplished. The following sections will consider each of these issues with perspective from the experience of the I-SPY 2 trial.
Framework
Poor translation of phase II results into confirmatory phase III trials is an important problem for oncology, 3, 4 and this is especially so in neuro-oncology. 13 Potential sources for lack of translation in neuro-oncology include changing survival trends in patients with glioblastoma 13, 14 and increasing complexity defining clinical endpoints such as progression. 13, 15 As such, single-arm studies using historical controls for comparison are inadequate, and increasing emphasis is being placed on randomization in phase II studies. 16 Multi-arm studies are attractive in this regard as the efficient use of a single control arm is attained. Multi-arm, adaptive studies may be designed using either frequentist or Bayesian techniques, and while the overall differences between these 2 approaches are beyond the scope of this article (although well reviewed recently 17 -19 ), the relative benefit of Bayesian approaches may be more apparent as the number of questions (including treatment arms) increases. 7 Furthermore, a Bayesian paradigm is in most cases easier to implement for planning a flexible adaptive trial, enabling treatment arms to be added and dropped without recreating the entire enterprise. These approaches enable flexibility while maintaining a high degree of scientific rigor; standard measures of type I error and power can be estimated prospectively through simulation.
I-SPY 2 was designed as a multi-arm Bayesian adaptive randomized trial with the primary decision criterion being the Bayesian predictive probability of being successful in a subsequent confirmatory phase III study, for each drug/biomarker signature pair. 8 Drugs that were found during the trial to have a "sufficiently low" probability of success were dropped from the study, allowing new treatment arms to take their place, thereby creating a dynamic and flexible framework.
An adaptive clinical trials infrastructure in neurooncology could adopt this design framework as well. Subject patients with newly diagnosed glioblastoma could be randomized to standard of care with radiotherapy and temozolomide (RT/TMZ), as defined by the study by the European Organisation for Research and Treatment of Cancer/National Cancer Institute of Canada (EORTC/NCIC), 20 or to one of several treatment arms (eg, RT/TMZ/X 1 , RT/TMZ/ X 2 , . . . RT/TMZ/X n ). For patients with recurrent glioblastoma multiforme (GBM), the situation may be more complex because there is no generally adopted standard of care that has demonstrated an overall survival (OS) advantage. Possibilities might include bevacizumab as the de facto standard-of-care arm, with either the addition (bev/ X 1 , bev/X 2 , . . . bev/X n ) or the substitution (bev, X 1 , X 2 , . . . X n ) of experimental therapeutics or otherwise the consideration of CCNU or another cytotoxic regimen as standard for comparison with the experimental arms. Alternatively, a trial including only experimental arms could be initiated with an adaptive randomization wherein the best performing arm automatically becomes the standard, perhaps with biomarker-defined subsets. Potentially, as most patients with glioblastoma demonstrate recurrence at some point, a flexible multi-arm structure might incorporate both newly diagnosed and recurrent patients, enrolling subjects at initial diagnosis and following them until death with a re-randomization at first recurrence. The inferential issues with respect to OS in such a study would be complicated, with comparisons based on strategies incorporating an inherent correlation structure.
Biomarkers
One recurring issue for trial design in neuro-oncology (and oncology in general) is how to most effectively incorporate putative biomarkers. 21 There are 2 broad approaches to biomarker classification for clinical trials: (i) identifying biologically relevant molecular subtypes that would hypothetically respond differently to a specific treatment and (ii) matching targeted therapeutics with expression of specific molecular targets. For the first case, molecular characteristics such as O 6 -DNA methylguanine-methyltransferase (MGMT) promoter methylation, 22 gene-expression subclass, 23 -25 and isocitrate dehydrogenase 1 or 2 mutations 26 -28 have demonstrated prognostic value suggesting biologically relevant subclasses of the overall histologic classification. How these molecular subclasses interact with various therapies is mostly unknown, however. 21 There is evidence that MGMT promoter methylation has predictive value for TMZ response for multiple clinical endpoints, 22, 29 and both MGMT promoter methylation and a 9-gene expression signature were used as stratification variables for the recently completed Radiation Therapy Oncology Group (RTOG) 0825 study. 30 For the second case, there is much interest in personalizing clinical trial assignment by molecular profiling. The idea is to find specific molecular abnormalities that are present in a given tumor and then identify the best possible trials or arms for patients with that tumor type using targeted therapies. For example, patients whose tumors express mutant epidermal growth factor receptor (EGFR) variant (v)III may potentially be treated with an EGFR inhibitor. Assigning patients a priori to a given therapy based on molecular characteristics presupposes the validity of the hypothesized predictive biomarker, however. Caution should be exercised with this approach, especially given the long history of therapeutic trials in GBM with extremely limited success in identifying predictive biomarkers. 31 Furthermore, even with a positive biomarker association, biomarker-therapeutic linkage cannot be shown without an agnostic approach, at least initially, or without further study in a population with both biomarker + and biomarker -subjects.
Biomarker hypotheses are not all equal; there may be more direct logical connections supporting a claim or varying levels of supporting preclinical data. Some therapeutic hypotheses are strictly limited to certain patient subsets. Maybe the best example of such a therapeutic hypothesis is the rindopepimut tumor vaccine that targets the EGFR vIII mutation. 32 In this approach, an EGFR vIIIspecific 14-amino acid peptide is used to generate an EGFR vIII-specific antitumor immune response, leveraging the oncospecific truncated extracellular domain in the mutant form to provide a therapeutic advantage. As this therapeutic is designed to prime the immune system against EGFR vIII, it would follow that tumors without that target would not be expected to respond. In this case, perhaps the a priori assumption is appropriate (although the accuracy of a potential biomarker assay might still be in question). Even so, there may be patients without the hypothesized target who could respond to therapy, as has been seen with trastuzumab. 33 Most biomarker-therapeutic hypothetical linkages, however, are based on more complex reasoning founded on currently incomplete knowledge of pathway interactions, complicated assumptions, and conjecture. Hypotheses have varying amounts of prior clinical or preclinical validity and should therefore be considered differently for trial design.
I-SPY 2 designated 3 tiers of potential biomarkers: standard, qualifying, and exploratory. Standard biomarkers were those that had been accepted and approved by the FDA, including the statuses of estrogen receptor, progesterone receptor, and Human Epidermal Growth Factor Receptor 2 (HER2) by either immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH) and MammaPrint. 8 Because these biomarkers had already demonstrated predictive value in prior studies, they were deemed appropriate for patient eligibility determination and randomization. Qualifying biomarkers, including HER2 gene expression and phosphorylated HER2, were those that had not yet been approved by the FDA but were building clinical data toward that goal. These biomarkers were included either under Investigational Device Exemptions or through Clinical Laboratory Improvement Amendment certified laboratories. Lastly, exploratory biomarkers were those that had some preliminary data but were in the earliest phases of clinical validation. 8 The qualifying biomarkers in the I-SPY 2 study highlight the notion that although a predictive molecular correlation (HER2) has been identified, the specific technical assays to assess biomarker status must be validated independently, owing to either technical differences or varying biological implications of the assay. I-SPY 2 utilized mainly the first approach to biomarker incorporation. While the 2 overall cohorts were defined by HER2 status assessed by either FISH or IHC, this was done to assign patients to an initial standard therapy backbone with or without an already known therapeutic, trastuzumab. Based on the validated biomarkers (hormone receptor, HER2, MammaPrint), 10 biomarker signatures of interest were defined. As the trial unfolds, drugs that show a higher number of complete responses within a given biomarker signature will be assigned with increased probabilities to that signature class. Drugs are dropped from the trial only if the Bayesian predictive probability of future success drops below a set level for all signatures. Successful drug/signature combinations are graduated for further testing in phase III studies. 3 For adaptive trials in neuro-oncology, an approach similar to I-SPY 2 might be taken. As stated previously, the recent RTOG 0825 trial stratified patients based on a 9-gene expression score and MGMT promoter methylation status. Perhaps these markers could be used to define biologically relevant subclasses that may or may not have varied responses to different therapeutics. This might be more problematic for the recurrent setting, where GBM-specific subtyping is not as well defined. For targeted therapeutics, biomarker hypotheses could be layered onto that framework and tested during the course of the trial in an exploratory manner. It is also possible in an adaptive design to define drug signatures dynamically based on accumulating results in the trial and to confirm such signatures as well.
Endpoints
For an adaptively randomized trial, appropriate endpoints must be selected to enable an informative randomization procedure. If these endpoints are auxiliary, then relationships between such endpoints and more clinically relevant primary endpoints must be established either prior to initiation or during the course of the trial. 34 During the I-SPY TRIAL 2, for example, a relationship was made between MRI and the rate of pathologic complete response (pCR; which had been previously linked to recurrence-free survival [RFS] 35 ). In an adaptive trial, it is critical to model patients longitudinally to assess correlations among various endpoints. An important consideration is that the endpoint must be measurable and actionable in a timeframe short enough relative to the accrual rate to allow for meaningful adaptive randomization. For example, if a trial accrues all of the subjects prior to the reporting of the first event, randomization will not be altered. Alternatively, if each patient is accrued only following a longer-term event, any efficiency gain will be lost even though there is ideal information for randomization. For GBM trials, the issue of choosing an appropriate primary endpoint is also problematic. The most important and relevant endpoint is OS. Although the median OS achieved in clinical trials for glioblastoma patients is not as long as for breast cancer, the length of time may still be too long relative to accrual for many multiinstitutional trials. For example, the commonly cited median survival for patients with newly diagnosed glioblastoma is the 14.6 months from the landmark EORTC/NCIC trial. 20 Other studies have shown that for patients enrolled in phase II studies, this number is probably even higher in practice, 14, 36 meaning that unless trial accrual is slow, waiting until an OS endpoint may be problematic. For patients with recurrent GBM, the use of OS as an endpoint may be more feasible given the shorter survival in this clinical setting.
Endpoints based on progression (progression-free survival [PFS] , PFS at 6 months [PFS6]) may be an option but may have several pitfalls, some similar to those reported by the I-SPY group. Difficulties with measuring progression stem from reliance on MRI, which may show false negatives and positives. Pseudoprogression in response to chemoradiotherapy and pseudoresponses following anti-angiogenic therapy have been well described 15 and have the potential to falsely inform the randomization procedure if longer-term primary endpoints are the most clinically relevant. Furthermore, problems with accurate assessment of progression are not random in that false imaging readouts are both therapy and tumor specific. For example, patients with tumors that have MGMT promoter methylation have a higher likelihood of showing pseudoprogression 37 but have a better prognosis with respect to OS. 22 This is similar to the association with pCR and RFS based on biological subclass in I-SPY 1, where no patients with low-risk tumors based on a 70-gene profile had pCR, yet none recurred during the course of the study. 38 Furthermore, taking biological subclass into account allowed for stronger correlations between pCR and RFS in the high-risk subset. 35 Therefore, in order to use progression as an appropriate endpoint for randomization in GBM, linkage to OS based on tumor subtype should be demonstrated either before or longitudinally during the course of the study.
For the recurrent GBM setting, OS might be the best option for informing randomization, though incorporation of other longitudinal data would still be critical. The North American Brain Tumor Consortium examined data from several phase II protocols and found that PFS6 had a strong correlation with OS. 39 This linkage may be treatment specific, however, with the relationship in the setting of anti-angiogenic agents being less clear. If PFS was validated as an earlier endpoint through correlation with OS for a given agent, then PFS could be used as well. We recently performed a modeling study using clinical trial data from modern-era phase II studies as well as an accrual rate comparable to what has been demonstrated historically and found efficiency gains and informative randomization. 30 In the newly diagnosed setting, longer OS could be more problematic for quickly accruing trials. PFS has been shown to correlate with OS for newly diagnosed patients receiving standard chemoradiation 40, 41 and could potentially be used as a randomization parameter. As OS is the more clinically relevant endpoint, the association between PFS and OS could be modeled and assessed during the course of the trial within biomarker and therapeutic subgroups. MRI perfusion, 42 diffusion mapping, 43 and various positron emission tomography tracers 44 have demonstrated associations with OS in other studies and could also be incorporated in an exploratory manner.
Drug Selection
The selection of therapeutics to be tested is a complex process that must incorporate both scientific rationale and pragmatic considerations, including the availability of different compounds during the appropriate time of their developmental lives. For neuro-oncology, additional complexity is introduced because compounds must be able to penetrate the blood -brain barrier to achieve clinically significant concentrations.
I-SPY 2 employed a number of criteria for selection of potential agents to be included in the study. Drugs required prior testing when combined with paclitaxel in a phase I study. Drugs were experimental but required some evidence of potential efficacy, and there was an explicit attempt to include only 1 representative drug from a particular class. 8 The selection process was described as multitiered, with an independent group of experts making selections based on phase I and preclinical data. Because neoadjuvant breast cancer patients may have long-term survival, toxicity was also a concern. The trial's accrual rate influenced whether additional arms could be included; the explicit goal was to finish accrual to an arm within 18 months, and too many arms would limit the accrual rate to individual treatment arms.
Logistical Considerations

Industry and Regulatory Buy-in
The FDA has been supportive of adaptive clinical trials, 3 first issuing a call to streamline clinical trials in the Critical Path Initiative, 5, 6 followed by publication of a draft guidance for industry regarding the use of adaptive trial designs. 9 Industry has also been forward looking in this regard. In 2005, the Pharmaceutical Research and Manufacturers of America created a working group to study issues around adaptive designs and subsequently issued a white paper describing their findings. 45 Nonetheless, obstacles regarding trial implementation are not trivial. For example, one issue offered by many as perhaps the most significant impediment to multi-arm adaptive trials is that pharmaceutical companies, and even divisions within the same company, may not be willing to include their compounds in such trials. From the regulatory standpoint, a clear roadmap from a potentially adaptively randomized study to confirmatory trial to approval is essential and may help in getting buy-in from industry. Fortunately, I-SPY 2 is evidence that such obstacles can be overcome.
I-SPY 2 is sponsored by the Foundation for the National Institutes of Health and executed by the Cancer Steering Committee of the Biomarkers Consortium. 46 Drugs that have been evaluated and being evaluated currently are from Abbott, Pfizer/ Puma, Amgen, Genentech, and Merck, with others in the queue. 30 Two hundred ninety patients were randomized as of November 2012.
Bioinformatics Infrastructure I-SPY 2 leveraged the bioinformatics infrastructure that was developed in I-SPY 1. A data warehouse and portal hosted by the National Cancer Institute Center for Bioinformatics formed the hub for data collation from various sources, including clinical data, pathology, radiology, gene expression, and proteomics, among others. Standard operating procedures for frozen and paraffin-embedded tissue were developed. Importantly, this infrastructure is available to other groups interested in setting up an adaptive clinical trial.
Data Sharing and Oversight
I-SPY 2 developed a data sharing agreement that set up publication, steering committees, and authorship guidelines with broad investigator access to data for analysis purposes. Data for drugs that graduate and their concurrent controls are made available to the drug's developer when the last patient on the drug has had surgery and been assessed for the trial's primary endpoint, pCR. Six months later, the data are made available to the public. Many of these considerations for neuro-oncology may already be in place through various cooperative groups or institutional collaborations and could be leveraged or developed further depending on the sponsors of such a trial.
Potential Options for Bayesian Adaptive
Phase II Screening Trials
Recurrent Disease
Trials for patients with recurrent GBM might be built on modeling work already performed. 30 A potential starting point could consist of an ongoing multi-arm adaptively randomized trial with a control arm of bevacizumab alone and experimental arms using bevacizumab combined with investigational agents from different classes. Arms not using bevacizumab could be considered as well. Alternatively, because such a trial would serve as a phase II screening, it may consist entirely of experimental arms, which would be dropped and replaced once the predictive probability of success in a phase III confirmatory trial was low. The phase III comparison could then be to bevacizumab alone as the putative standard. Considerations are the size of the desired effect and the tolerance for false negatives based on small sample size, as well as the likelihood of false positives. Different groups may come to different conclusions; for example, one group may prioritize rapid assessment of drugs for "home runs" while sacrificing the potential to find those with incremental gains, while another group may design the trial for a sufficiently low false negative rate with larger numbers to find smaller effect sizes. It is important to recognize that large effects would require smaller phase III trials, but if biomarker-driven, the potential patient population might be small. In fact, adaptive designs may be more beneficial compared with standard trials in cases where larger efficacy signals are sought, 47 which may be particularly important when targeted therapy/biomarker associations are possible. Biomarker incorporation would be limited to exploratory biomarkers at first, as the subtyping of tumors and the prognostic value of various molecular markers are less well defined in the recurrent setting. Assays that identify potential molecular abnormalities that hypothetically predict sensitivity to a given agent would be explored in this setting. The relationship of PFS, based on current MRI and clinical definitions, to OS would be assessed during the trial, as would imaging biomarkers of progression.
Newly Diagnosed GBM
For newly diagnosed GBM, radiation and TMZ could be combined with various novel agents in the multi-arm trial. Initial biomarker classes could be determined by MGMT promoter methylation status and gene-expression subclass. Additional biomarkers, including those hypothetically for which specific targeted therapies are available, would be included as exploratory. At least initially, PFS6 would be used to determine randomization probability, while the utility of this endpoint as a surrogate would be updated with trial results. Alternatively, an adaptive trial in the newly diagnosed setting might randomize following standard chemoradiotherapy, thereby allowing more time for biomarker analysis and stratification, and would also remove the requirement for phase I studies in combination with radiotherapy. Again, decisions would need to be made regarding the increment of benefit to be evaluated, as discussed previously for the recurrent setting.
Possible Steps Toward Implementation
One potential way forward is for cooperative groups or consortia in neuro-oncology to interact with experts in adaptive trial design to develop and simulate specifics of a potential trial. This approach is currently being used by the Adaptive Designs Accelerating Promising Trials Into Treatment (ADAPT-IT) project. 10 In this project, a multidisciplinary group of researchers is applying adaptive principles within the Neurological Emergencies Treatment Trials (NETT) cooperative group while studying the design and implementation process. Researchers within NETT discuss goals of various trials with the ADAPT-IT researchers, followed by ADAPT-IT proposals for alternative design approaches. Proposed trials are then simulated and refined followed by a multistage review process involving both the National Institutes of Health and FDA prior to trial initiation.
10,48
Summary/Conclusions
The combination of a dramatically growing number of novel "pipeline" therapeutics with increasingly sophisticated glioma molecular characterization has led to an extraordinary number of therapeutic hypotheses to be tested. Early-phase clinical trials must become more efficient but also must provide more reliable information for go/no-go decisions for phase III testing. The I-SPY 2 trial experience offers many potential lessons for moving forward with novel biomarker-driven adaptive trials in glioma. Such trials will require close collaboration between statisticians and clinicians due to the number of glioma-specific issues that must be addressed. In this regard, the I-SPY and ongoing ADAPT-IT experiences offer good paradigms of process and logistics in addition to scientific considerations.
